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performed in open-chest rats. P(t) and Q(t) were measured during steady-state ejecting beats and during a beat in which the aorta was suddenly clamped. The degree of clamping varied from partial to total occlusion. The total occlusion beat was considered an isovolumic beat that generated an isovolumic pressure [Pis,(t)J with a characteristic time to maximal P1,0(t) [Tpisomaxl. In ejecting beats, 34% of stroke volume was delivered after Tpisomax. P(t) and Q(t) from the steady-state ejecting beats and P,so(t) from the clamped beat were then used to estimate
parameters of an E(t)-R model. Components of P(t) and Q(t) not accounted for by E(t)-R were
identified and termed extra-pressure [Pext(t)I and extra-outflow [Qe,x(t)]. Pext(t) and Qext(t) were near-zero valued until Tpisomax; then they became systematically positive and finally negative valued after end ejection. During partial aortic occlusion, P(t) was elevated and Q(t) was reduced. However, the time of ejection was extended, and the fraction of stroke volume delivered after Tpisomax increased as P(t) was made higher. Partial occlusion also prolonged the positive phase of PeX,(t) and Qe,d(t). Elements possessing "active" and "deactive" properties were added to the E(t)-R model in an attempt to account for Pe,xt(t) and Qext(t) during partial occlusion.
Optional forms of these elements were considered. These expanded E(t)-R models were fitted to basal ejecting data and then asked to predict data from a partial occlusion beat. All expanded models failed to adequately predict the partial occlusion pressure and/or outflow. It was concluded that 1) late ejection was quantitatively important to LV pumping, 2) behavior during late ejection was inconsistent with E(t)-R, and 3) ad hoc modification of E(t)-R models was not likely to yield LV pumping models that could satisfactorily reproduce instantaneous P(t) and Q(t) behavior over the entire ejection period. (Circulation Research 1990; 66:218-233) It has become popular to relate instantaneous left ventricular pressure [P(t)], volume [V(t)], and outflow [Q(t)] by using mathematical models based on time-varying elastance [E(t)] and resistance (R).1-8 Such representations are appealing because, if valid, they allow identification of instantaneous left ventricular (LV) pump properties from data recorded from only one or two heart beats. In previous study,3 however, we found serious deficiencies in the performance of E(t)-R models: 1) Errors in the prediction of P(t) increased progressively as end ejection was approached. 2) E(t)-R models failed to predict P(t) and Q(t) data other than that to which these models were fitted. 3) The estimated parameter values of the E(t)-R model were unrealistic estimates of physical entities the parameters supposedly represented. 4) Interdependencies between parameters were found and resulted in nonunique estimates of parameter values. These four deficiencies provided strong evidence that more than just E(t)-R was required to characterize instantaneous LV pumping properties.
Our current studies examined various expansions of the E(t)-R model in an attempt to overcome the above-cited limitations. We focused on behavior during late ejection when the E(t)-R model performed poorly. An approach that added generalized active and deactive elements to the E(t)-R model allowed late-systolic behavior to be fitted with very small errors, but these expanded models proved invalid when submitted to predictive validation tests. We concluded that the E(t)-R concept was not an appropriate starting point on which to build instantaneous LV pumping models; alternative concepts must be considered.
Materials and Methods
Experiments were performed in male SpragueDawley rats 8-14 months of age, weighing 450-620 g. Anesthesia was induced with intramuscular ketamine and maintained with inhaled methoxyflurane. Both vagi were cut through a cervical incision. The chest was opened with a midsternotomy, positive pressure ventilation was instituted, the pericardium was opened widely, and the ascending aorta was dissected free from surrounding tissue. A 3F catheter-tip pressure transducer (Millar, Houston, Texas) was placed in the LV chamber through a stab wound in the LV apex. A 2.5 -mm diameter electromagnetic flow probe was placed snugly around the ascending aorta as close to the aortic valves as possible. The jaws of an aortic clamping device were positioned around the aorta just distal to the flow probe. A Silastic catheter for infusion of fluids was placed in the right jugular vein. Needle ECG electrodes were placed subcutaneously in two limbs.
Pressure signals were amplified with Accudata 218 amplifiers (Honeywell, Denver, Colorado), and the flow signal was processed with a Statham electromagnetic flowmeter (model SP2202, Gould Instruments, Cleveland, Ohio). Low-pass filters on both devices were set at 100 Hz cutoff. The ECG signal was processed through a forescope (Foregger, Chatsworth, California). Analog P(t), Q(t), and ECG signals were digitized on-line using a computing system (model 1000, Hewlett-Packard, Palo Alto, California). All signals were amplified to make maximal use of the 10-V range of the 12-bit A/D converter. Signals were sampled at 1-msec intervals.
The aortic clamp contained a traveling rod that passed through the coils of a solenoid to compress the aorta between a plunger and a fixed shoe. The shoe was curved to cradle the aorta, and the plunger was shaped to fit the shoe. Descent of the plunger was controlled with a mechanical stop such that the degree of occlusion could be adjusted. Descent of the plunger caused compression of a spring. Cessation of current through the solenoid resulted in the spring quickly (< 10 msec) returning the plunger to its original position, bringing about release of occlusion. Thus, both the advent and release of occlusion happened quickly and under electronic control.
The data recorder and the aortic clamp were controlled electronically as described elsewhere.3 Briefly, after activation by the experimenter, an electronic device initiated digital data acquisition, counted a preset number of ECG R waves, delivered current to the solenoid of the aortic occluder, and waited a fixed interval to shut off current to the solenoid.
Experimental Procedures
The basic experimental manipulation produced a single isovolumic beat at the end of a train of steady-state ejecting beats as follows: the respirator was turned off, 10 seconds were allowed for respiratory transients to die out, digital data recording was initiated, five basal ejecting beats were counted, the aortic clamp occluded the aorta for one beat, the clamp was released, digital data recording was terminated, and the respirator was turned back on. This procedure was attempted in 58 rats.
In addition to the basic manipulation, attempts were made to generate families of records with not only total aortic occlusion, but with 3-4°of partial aortic occlusion. In these rats, successive data records were taken at exactly 1-minute intervals. Each record was taken during a procedure similar to that previously described, except that the aorta was not always totally occluded. Graded partial occlusions were achieved by incrementally adjusting the stop on the clamp between successive records. This procedure was attempted in 16 rats.
Criteria for Data Acceptance
A high degree of stability was required in the data before it could be accepted for analysis. In the basic total aortic occlusion records, it was necessary to assume that the pressure generated on total aortic occlusion was the isovolumic pressure generated by an isovolumic beat [Piso(t)] that would have been generated during the ejecting beats before occlusion. To assess whether there was stability sufficient to satisfy this assumption, the P(t) and Q(t) signals from each of the five basal ejecting beats preceding the occluded beat were compared by graphically overlaying one on top of the other. No discernible differences were allowed in the P(t) waveforms; that is, there could be no more than a pen-width difference between these five waveforms. This translated into a required consistency of greater than 0.5% in the peak systolic pressure and greater than 5% in the enddiastolic pressure. Because noise was present in the Q(t) measurement, variations of 5% in peak value among successive Q(t) waveforms were allowed. These requirements were met in 31 of 58 rats.
Similar requirements for stability were imposed in experiments in which successive, graded aortic occlusions were administered. However, in these experiments, we had to assume that the pressure generated on the beat with total aortic occlusion was PiS,(t) that would have been generated not only on ejecting beats in the same record but also on the partially occluded beats in different records. Thus, it was required that stability be present not only within a record, as defined above, but that stability be demonstrated among three or four separate records. For this latter, the P(t) and Q(t) waveforms of the five basal ejecting beats that preceded the clamped beat in the three or more separate records were overlaid one on top of the other. Again, no discernible differences in the P(t) waveform, as defined previously, were allowed. These requirements were satisfied in six of the 16 rats in which graded partial occlusions were attempted.
Pressure calibration signals were recorded before each experiment with a mercury manometer. Scaling information for flow calibration was determined at the conclusion of the experiment by the following procedure. Both ends of the aortic section on which the flow probe was placed were cannulated, and a roller pump was used to control saline flow through the isolated aortic section. Five to six known levels of roller-pump flow were recorded with the flowmeter. Linear regression of the recorded flow levels on the known flow was used to determine the scaling factor for flow calibration. Zero flow was determined as the mean of the flow signal during the diastolic interval. P(t) =PE(t) -PR(t) (1) where PE(t) was the pressure component due to E(t) and PR(t) was the pressure component due to R. PE(t) was defined after Sagawa10 as (9) Substitution of Equation 9 into Equation 3 and then substituting that result and Equation 9 into Equation 1 gives
(10) Note that in Equation 10 there is no explicit dependence of P(t) on V(t) or E(t). The information contained originally in E(t) and V(t) was equivalently represented, in Equation 10 , by Pis,(t) and Vej(t). Tpisomax, fitting errors became systematic and large.
Therefore, it was assumed that E(t)-R was a perfect representation until Tpisom.; that is, Pe,Q(t) and Qext(t) during this interval were assumed to be different from zero only by some noise factor. Thus, during the interval 0<t<Tpisoma, P(t) was fitted by using Equation 10, and in a separate procedure, Q(t) was fitted by using Equations 11 and 13. The fitting procedure was as follows.
Initial values of a and p were chosen. A modified Levenberg-Marquardt algorithm was then used in a nonlinear least-squares parameter-estimation procedure to iteratively adjust a and p to minimize the respective objective function. When fitting to P(t), the objective function (ep) was ep= [p(i)-P(i)12 (14) where P(i) and P(i) were the sampled values of observed and model-calculated P(t) over the interval 0<t<Tpisomax. When fitting Q(t), the objective function (eq) was /n eq= / [0(i)-Q(i)12 (15) Vi=l1 where Q(i) and Q(i) were the sampled values of observed and model-calculated Q(t) during the interval 0< t < Tpisomax.
CALCULATION OF Pext(t) AND Qext(t). Given a and p corresponding to a best fit to P(t) over the interval O<t<Tpisomax, PeXt(t) was calculated as Pext(t) =P (t) P (t) (16) over the interval O<t<Tej.
Given a and p corresponding to a best fit to Q(t) over the interval O<t<Tpisomax, Qext(t) was calculated
over the interval O<t<Tej.
CHANGE IN Pe(t) AND Qe(t) WITH PARTIAL AORTIC OCCLUSION. Data from the six rats with successful partial aortic occlusions were used to calculate induced changes in Pext(t) and Qe,,(t). In the case of Pe,,(t), Equation 10 was fitted to P(t) of the basal ejecting beat, and a and p were estimated. Then these values of a and p were used together with measured Q(t) to predict corresponding P(t) ( Equation 10) and Pe,,(t) (Equation 16 ) for each partial occlusion beat.
In the case of Qe,,(t), Equation 11 was fitted to Q(t) of the basal ejecting beat, and a and p were estimated. Then these values of a and p were used together with measured P(t) to predict a corresponding Q(t) (Equation 11 ) and Qe,,(t) (Equation 17 ) for each partial occlusion beat. The resultant families of Pext(t)s and Qe,S(t)5 were taken to show the manner in which P,,(t) and Qe,,(t) changed with partial aortic occlusion.
Phase 2: Derivation of expanded models. Validation procedures were conducted on E(t)-R and expanded E(t)-R models. Expanded models were formed by adding extra elements to the E(t)-R model to account for Pext(t) and Qxt(t). Various options for adding elements were tried. The result was to produce a set of competing expanded models.
In one group of expanded models, group I models, ad hoc additions were made to account for features of Pext(t) and Qext(t) and the manner in which Pe,,(t) and Qe(t) changed with partial aortic occlusion.
Thus, these expanded models were formulated a posteriori (after the results of analysis from phase 1 had been completed). The rationale for the specific character of the added elements will be given later after the results from phase 1 analysis have been presented. In another group of models, group II models, elements were added that represented physical features of possible importance that were not part of E(t)-R.
GROUP I MODELS. Added elements in group I models were formulated to give rise to two functional behaviors: an active function [A(t)] that imparted energy additional to that supplied by E(t) and a deactive function [D(t)] that dissipated energy over and above that dissipated by E(t) and R. The net of A(t) and D(t) was an extra function [Fe,_(t)], accounting for either Pe,(t) or QeJ(t) and given as (18) The generic formulations of A(t) and D(t) were as follows. During times in the cycle less than some designated time (ro), (19) 
A(t)=D(t)=0
During times in the cycle greater than ro, dA(t)
dD(t) A(t)A(t) dt where yv, y2, and e were constant coefficients and ro was a delay constant. There were several attributes to this formulation: 1) Up until 0, all of P(t) and/or Q(t) was accounted for by E(t)-R, and only after ro did the added elements, that is, A(t) and D(t), come into play to account for either Pext(t) or Qext(t). 2) If there was no outflow, as during an isovolumic beat, A(t) and D(t) never came into existence, and E(t) related to Pi,o(t) as previously specified in Equation 8. 3) The differential equation formulations for A(t) and D(t) meant that these elements expressed themselves according to instantaneous and historical events during the cycle. 4) Since A(t) and D(t) depended on Q(t) as specified in Equations 20 and 21, the expanded models were nonlinear with implicit dependence on P(t) as well as Q(t).
Four specific versions of group I models were tried. These are given in electrical analog form in Figure 1 . Two of these (models I.A.1 and I.A.2 in the figure) were designed specifically to account for Pe,4t). In these two models, pressure was calculated according (22) In model I.A.1 of Figure 1 , A(t) and D(t) were represented by opposing pressure sources [PA(t) and PD(t), respectively]. Accordingly, using the generic formulations (Equations 18-21), and ED(t), respectively]. According to the generic formulations, (26) dEA(t) and where VA(t) was the volume delivered by active element and VD(t) was the volume remove the deactive element. In model I.B.1 of Figure 1 , and D(t) were represented by opposed general flow sources [QA(t) and QD(t), respectively]. Acc ing to the generic formulation,
In model I.B.2 of Figure 1 , A(t) and D(t) l represented by competing parallel flow-conduct pathways [GA(t) and GD(t), respectively]. Acc ingly, 
where A was the coefficient associated with the inertial effect (represented by L in Figure 1 ) and a-Vej(t) was representative of LV volume.
The series elastance effect was incorporated into model 11.2 with a formulation similar to one given by Boom et a112 as jniE P(i)_P(i) (7 where P was the average value of P(t) over 0<t<Tei.
When the fit was to Q(t),
where Q was the average value of Q(t) over 0<t<Tej.
In addition to Ep and Eq, other measures of descriptive validation were derived from the linear regression of model-generated versus measured data as (50) and included r2 and Student's t test for ap= 1 and aq= 1 and for bp =0 and bq =0. The null hypothesis was rejected if p<0.05.
PREDICTIVE VALIDATION. Predictive validation criteria assessed how well models predicted data other than that to which they were fitted. This was done by using models with parameters as estimated from the fit to the basal ejecting beat to predict data from a partial occlusion beat. Because an inverse formulation was possible with E(t)-R and group I models, they were asked to predict both P(t) and Q(t) of the partial occlusion beat. However, group II models, for which an inverse formulation was more difficult, were asked to predict only P(t) of the partial occlusion beat. The partial occlusion beat chosen to be predicted was that in which the peak value of Q(t) had been reduced by approximately one half the value it had during basal ejection. Models were then evaluated for their ability to make predictions by comparing indexes that related model-generated results with observed data. Specific indexes included 1) normalized RMS error of prediction:
where P(i), 0(i), P(i), and 0(i) were sampled values of measured partial occlusion and predicted partial occlusion P(t) and Q(t), respectively, 2) r2 of linear regression of model-predicted and measured waveforms:
3) Student Figure 2 shows records from one rat in which varying degrees of partial aortic occlusion were imposed. Progressive degrees of occlusion resulted in progressive increases in P(t) and corresponding decreases in Q(t). An important and revealing aspect of this data is that, although partial occlusion caused Q(t) to go down, it also caused the time over which Q(t) was delivered to increase. This is shown in Figure 4A Figure 4B ).
Concomitant with the extended delivery of Q(t) with partial occlusion was an extension of the time over which Pext(t) and Qext(t) were positive ( Figure   5 ). Eq was 1.04 times greater. Moreover, the regression analysis of model-derived versus measured P(t) and Q(t) gave indication of poor descriptive performance when E(t)-R was fitted over 0<t<Tej; the slopes were often different from one, and the intercepts were often different from zero (see Table 1 ). Thus, the E(t)-R model gave affirmative indication of descriptive validity over 0<t<Tp,somax but negative indication of descriptive validity over 0<t<Tej. A summary of the descriptive validation indexes for the expanded E(t)-R models is given in Table 1 . All of the group I models fitted the data well. This was evidenced by low ep and Eq, r2 between modelgenerated data and measured data close to one, the slope of the regression line relating model-generated data and measured data seldom different than one, and the intercept of this regression line seldom different than zero. Examples of the kinds of good fit to data that were achieved are shown in panels A of Figures 6 and 7 . In panel A of Figure 6 , the fit of model I.A.2 to P(t) is given; it was difficult to discern the difference between model-generated and actual data. In panel A of Figure 7 , the fit of model I.B.2 to Q(t) is given; although the error was small, the Table 2 ). Examples of the qualitative discrepancies between model predictions and actual data are given in panels B and C in Figures 6 and 7 . These examples were not necessarily typical of the pattern by which the predictions failed; no typical pattern was observed. These examples were typical in showing that the major discrepancies occurred during late ejection.
E(t)-R model
A revealing feature of the predictive capabilities of the E(t)-R model can be seen in data shown in Figure   5 . Whereas Pext(t) and QeX,(t) varied around zero value up until Tpisomx in the baseline ejecting beat (i.e., the beat to which the model had been fitted), these waveforms began to deviate from zero at earlier times in the predicted beats during partial aortic occlusion. Thus, the greater the degree of occlusion, the earlier the systematic deviation from zero. This was seen in each of the six rats examined. These systematic errors in predictions represent a failure of E(t)-R to successfully predict these partial occlusion beats even in the interval over which it was apparently descriptively valid, that is, 0<t<Tpisomax.
Since all models were judged to have failed the predictive validation test, comparison among them was moot.
Explanative validation. Since no independent assessment of the physical properties of these models was made, explanative validation was restricted to a reasoned judgment about the appropriateness of the parameter-estimates. A summary of the parameter estimates for the various models is given in Table 3 tial occlusion beat using modelparameters determined from fitting the unoccluded beat in panel A. Panel C: Prediction of Q(t) from the same partial occlusion beat. Note, prediction of P(t) is not much different from that in Figure 6 , but prediction of Q(t) is considerably better. Ep, Normalized RMS error of prediction of instantaneous left ventricular pressure [P(t)]; ap, slope of regression line relating model-generated and observed P(t) (ratio gives fraction of times that ap. 1); bp, intercept of P(t) regression line (ratio gives fraction of times that bp.0); r2, coefficient of determination; Eq, normalized RMS error of prediction of instantaneous left ventricular outflow [Q(t)]; aq, slope of regression line relating model-generated and observed Q(t) (ratio gives fraction of times that aq. 1); bq, intercept of Q(t) regression line (ratio gives fraction of times that bq0); E(t)-Rp, time-varying elastance-resistance [E(t)-R] model fit to P(t); E(t)-Rq, E(t)-R model fit to Q(t); I. A.1, I.A.2, I.B.1, I .B.2, I1.1, and II.2, models represented in Figure 1 .
*Averaged over five rats because of numerical instability in prediction from one rat.
V, was delivered during late ejection. During the elevated afterload of partial occlusion, as much as 57% of VS was issued after Tpisoma. Surely any representation of instantaneous LV pumping must account for late ejection as well as for earlier periods of systole.
In addition to increased percent of V,, the ejection period was extended with the elevated P(t) of sudden partial occlusion. Thus, LV ability to deliver flow was prolonged with this perturbation. Such behavior is antithetical to E(t)-R concepts, which would predict a shortening of the ejection period with increased P(t). These observations are consistent with reports by others. Elzinga and Westerhof,13 using isolated muscle to drive a simulated arterial afterloading system, found the time to the apparent maximal E(t) to be extended with increased afterloading pressure. Hunter et al,14 in describing the pulse response of the isolated heart in terms of three components, found that a time-variable modifier of the elastance component was needed and that this modifier and a deactivation component were most pronounced during late systole. Our own previous work3 demonstrated a biphasic character in the difference between Pi,(t) and P(t), with a pronounced second rise in the waveform occurring during late ejection. Little and Freeman8 used E(t)-R models to fit data from ejecting beats in the intact dog, and then, with parameters estimated from the ejecting beat, they predicted Pi,1(t). From their data it is clear that predicted Pi,5(t) was systematically greater than observed PiS,(t) after Tpisomax. More recently, Hunter15 has reported data from experiments in isolated hearts in which pressure at end-systolic volume in an ejecting beat was often higher than pressure in an isovolumic beat at that same end-systolic volume. All these findings are clearly contrary to E(t)-R predictions, but they contain a common thread in suggesting that functional potential during late ejection is greater than can be accounted for within the E(t)-R framework. A related finding by Noble,16 one that is also contrary to E(t)-R, demonstrated the importance of outflow in maintaining LV pressure. When outflow was prematurely terminated with sudden complete aortic occlu- Figure 8 . It can be seen that low QO, as occurred during partial aortic occlusion, resulted in Fex,(t) of longer duration than when QO was of a higher magnitude, as during unoccluded ejection. The fact that Fe,(t) in this simulated experiment mimicked Pext(t) and Qe,(t) during partial aortic occlusion was the rationale for proposing the form of the added elements given by Equations 18-22.
Additional rationale for considering this formulation was found when the proposed extra elements had been added to E(t)-R. The resultant expanded model predicted four other kinds of pumping behavior (results not shown here): 1) nonlinear end-systolic pressure/volume behavior, 2) history-dependent endsystolic pressure/volume states, 3) bimodal shape to the instantaneous difference between Piso(t) and P(t), Figures 6 and 7 . These kinds of deviations in the prediction of Q(t) were common among all models and all data sets.
It was a finding from these experiments that it was more demanding to predict Q(t) than to predict P(t).
This was evidenced not only by the qualitative discrepancies just noted but by Eq being at least two orders of magnitude greater than gp and by the poor results from the regression of Q(t) on Q(t). It is suggested that future studies of LV pumping performance emphasize predicting Q(t) as a sensitive means of evaluating proposed functional features. Models that demonstrated good descriptive performance but poor predictive performance possessed parameters that were representative of only a specific data record and were not representative of the LV that generated that data. In fact, we fitted group I models to each of the various records within a partial occlusion data set and found widely ranging parameter estimates for the different records. Different parameters were estimated with different data even though all the data was generated by one LV in one physiological state working into different afterloading conditions. Thus, the models were not representing the pumping properties of the LV and were of little or no use in identifying its functional features.
Criticisms
There may be reasons for questioning these experiments on technical grounds. The aortic-clamp experimental technique suffers from the obfuscating compliant actions of the untethered section of the aorta between the aortic valves and the electromagnetic flow probe.19 Thus, the supposed isovolumic beat may not be truly isovolumic, and the measured aortic flow may not be LV outflow. The rat, as opposed to the dog and the rabbit, was chosen for these studies specifically because we could find no evidence from visual inspection of the data of an important compliant action of the proximal aortic section in this species. Such evidence would appear as a clearly observable flow pulse on release of the clamp during diastole. Autopsy of these hearts with the flow probe left in place revealed that it was possible to get the flow probe relatively closer to the aortic valves in the rat than could be done in the dog and rabbit. Further evaluation of this potential problem was done by analyzing selected data records as if aortic compliance were playing an important role; the methods for such an analysis have been described elsewhere. 19 Whether the potential actions of the compliant aortic section were included or not made no difference in the calculation of Pext(t). It was concluded that the compliant proximal aorta was not a major problem in these studies.
There were other perturbational techniques that could have been used to tests these models. However, the sudden aortic occlusion technique was preferred for the following reasons: 1) In establishing a stable preocclusion hemodynamic state with undetectable beat-to-beat variation in end-diastolic pressure, it could be assumed that there was no significant variation in Ved among the ejecting beats and the occluded beat. 2) By causing rapid occlusion between beats and using the ensuing occluded beat to reference the nonoccluded freely ejecting beats, no time would have elapsed for inotropic changes from altered coronary perfusion or altered metabolic status of the myocardium. 3) In creating an isovolumic beat with a PiJ(t), not only did we create a standard reference on which to base the analysis but we removed the necessity to measure V(t) and all the problems attendant with such a measurement. 4) In creating a set of graded occluded beats, we were able to examine a range of behavior without going from one steady state to another. These perturbations were sufficient for allowing the tests of models that were conducted. A model that was generally valid would certainly be required to perform satisfactorily with these perturbations as well as with others. A failure under these specific conditions was sufficient to declare these tested models not generally valid. In contrast, if these models had been found valid under these special circumstances, they would require further testing under other perturbational situations to be declared generally valid.
An additional criticism could come from the fact that we chose only one parametric representation of E(t) and one of R on which to build expanded models. However, in a very extensive earlier study,3 we found that the parametric form chosen for these components was not nearly as important as those features that were not represented in the E(t)-R As we found in a previous study,3 E(t)-R models gave good descriptive performance over the interval 0<t<Tpisomax but failed descriptive and predictive tests over the interval 0<t<Tej. However, a new finding from the current study was that E(t)-R had serious shortcomings in predicting behavior even in the interval 0<t<Tpisoma. Thus, the E(t)-R model was found to be inadequate not only during late ejection but also throughout the entire ejection period. It was for this reason that the parameter o was introduced into the group I models. This was to allow the extra elements to become functional at times in the cycle earlier than Tpisomax. In all cases with group I models, m was estimated to be less than Tpisoma. This indicated that something other than E(t)-R was required even during these earlier ejection periods. Further, when the group I models were fitted to each of the graded occlusion beats, all model parameters took on widely different values (data not shown). Thus, the problem appeared to be with the whole model and not just the component needed for representation of Pe,a(t) and Qext(t).
The above suggested that E(t)-R was not a good basis for constructing an instantaneous LV pump model. Thus, it is appropriate to reexamine the data that has served as the basis for this concept. The landmark experiments underlying the E(t) concept were done in the isolated heart where data were obtained from beats at many different steady states. 22 It is well known that, when a transition is made from one steady-state pumping condition to another, a transient in myocardial inotropic state occurs. [23] [24] [25] [26] Once the transient has died out, there is no guarantee that the new steady state can be referenced to the old in the same way that successive beats within a single steady state can be referenced to one another. Thus, it may be that the E(t) concept is closely descriptive of pressure-volume relations at instants of time across beats at various steady states but is not adequate for describing the pressure-volume relation during all instants of a single beat experiencing perturbations on a time scale of a cardiac cycle or shorter. Thus, the problem is not that the E(t) concept is wrong; rather, the problem is that the E(t) concept is misapplied to the specific task of recreating instantaneous LV pumping over the full timecourse of ejection.
Given the above inadequacies and shortcomings, does E(t)-R have any usefulness for identifying LV pump properties from single ejecting beats? The answer lies in the robustness of the parameter estimates, that is, how sensitive they are to preload and afterload. We did not systematically evaluate this, but based on the failure to satisfy predictive validation, we concluded that at least one of the two model parameters, that is, either a or p, will be sensitive to afterload and that the estimated value cannot be used to characterize LV pumping states. A systematic test is needed to establish the degree of robustness in these parameters and the extent of utility of the model. From the preceding results, however, it is clear that E(t)-R will never accurately represent late-systolic ejection.
Altemative to E(t)-R There is currently very little as an alternative to E(t)-R for representing instantaneous LV pumping behavior, although one interesting alternative has been recently put forth by Hunter.15 This model, which differs from E(t)-R by relating pressure and volume through a differential equation rather than an algebraic equation, can be classed as a kinetic model. Kinetic models have two advantages: 1) they possess an intrinsic mechanism for expressing latesystolic flow-dependent positive functional potential, and 2) they are tangibly related to kinetical processes that take place within the myocyte. Thus, modification of these models, when they have been found inadequate, can be made with an eye for incorporating underlying cellular mechanisms. The E(t)-R models not only require a special ad hoc addition to account for positive late-systolic functional effects but lend themselves less well to modification deriving from underlying cellular processes. Such features warrant a further look at kinetic models for future studies of instantaneous LV pumping behavior.
Conclusion
In summary, it was found that E(t)-R representations of instantaneous LV pumping behavior were clearly deficient and that this deficiency was most pronounced during late systole. Attempts to correct this deficiency by adding active and deactive elements to the basic E(t)-R model were successful in allowing data to be fitted well but were unsuccessful in not allowing data to be predicted. Thus, these expanded models did not satisfy requirements for predictive validity. It was concluded that ad hoc modifications of E(t)-R models were unlikely to yield satisfactory models for instantaneous LV pumping behavior.
